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Abstract
We present equilibrium and non-equilibrium molecular dynamics sim-
ulations of flexible polymer chains absorbed on heterogeneous surfaces.
The surfaces are flat but energetically disordered, as they consist of a ran-
dom mixture of weakly and more strongly absorbing sites (94% and 6%,
respectively). For comparison, we have also simulated the two correspond-
ing homogeneous surfaces. We find that this apparently weak energetic
disorder can produce very significant changes of the chain statistics (ex-
pansion of the radii of gyration), equilibrium dynamics (reduction of the
diffusion coefficients) and non-equilibrium response to a horizontal pulling
force. On the disordered surfaces, the polymer-surface effective friction
coefficient (ratio of pulling force and drift velocity) becomes strongly force-
dependent, as the dominant mode of motion changes from localized stick-
slip events to smooth and continous sliding. This is strongly reminiscent
of the Schallamach model of rubber friction and the Maier-Go¨ritz picture
of the Payne effect in filled elastomers.
1 Introduction
The statistics and dynamics of chain molecules on solid surfaces define a broad
and challenging subject, in which the solution of fundamental scientific ques-
tions is an important condition for improving or extending the applications of
polymer-based materials. Examples are the sealing of surfaces and polymer-
mediated adhesion,[1, 2] the wetting and spreading of/by polymers and other
complex fluids,[2, 3] the boundary conditions for their flow on solid surfaces
(“stick” versus “slip”),[4] the lubrication of moving bodies,[5, 6] the friction
and wear of sliding polymers [5, 6, 7] and the reinforcement of rubber through
the incorporation of nanostructured solid particles [8]. Ideally, one would like to
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arrive at a quantitative, molecular-level understanding of these and related phe-
nomena. Up to a point, this can achieved by working on simple and well-defined
model systems consisting of perfectly flat and clean surfaces, monodisperse poly-
mer fluids, etc.. These have the obvious advantage of being amenable to detailed
experimental investigations (using the Surface Force Apparatus [2], for exam-
ple), relatively simple theoretical analyses (mean-field, one-dimensional models
exploting translational invariance in the two other directions [9]) and atomistic
or coarse-grained computer simulations.[10, 11] Unfortunately, by focussing on
these model systems, one often loses contact with the intended applications (all
engineering surfaces are inherently dirty and rough [5]) and, tragically, some of
the most interesting physics is often lost on the way.
Particle-filled elastomers are important examples of the complex,“ill-defined”
materials which, starting from the mid-1990’s, have attracted attention from a
growing number of polymer theorists and simulators (see refs.[8, 12, 13, 14] for
some leading references). One of the main objectives has been the identification
of the origin of the highly non-linear and history-dependent response of particle-
filled rubbers (the so-called Payne and Mullins effects) [15]. Moving away from
their traditional interpetation in terms of formation and breakup of particle-
particle “bonds”, Mayer and Go¨ritz [16] emphasized the role of the adsorption-
desorption dynamics at polymer-particle interface. Their basic physical picture
has strong analogies with Schallamach’s [17] “historical”[18] model of rubber
friction, which later on was adapted also to gels [19] (key aspects of rubber
friction are captured also by an alternative continuum model [20], though). Far
from being accidental or unnecessary complications, the roughness and energetic
disorder at the surface of the most effective fillers (carbon black, functionalized
silica) play a key role in these adsorption-desorption processes [21]. More gen-
erally, “quenched disorder” is known to have a profound effect on the statistical
and dynamical behaviour of all polymer systems: see ref.[22] for a general re-
view on polymers in random media and ref.[23] for random heteropolymers and
their interactions with patterned surfaces. Other authors have emphasized the
role of the glassy rubber shell coating the filler particles.[24, 25] This glassy
shell is a manifestation of the slowed-down polymer dynamics close to the filler
surfaces. Similar effects (dramatic shifts in glass-transition temperatures, order-
of-magnitude changes in relaxation times) have been seen also in other polymeric
and molecular systems under nanoscale confinement.[26, 27] The importance of
slow activated processes at the rubber-filler interface was demonstrated also by
our most recent Dissipative Particle Dynamics simulations [14].
Motivated by the general context described above, we have undertaken a
series of molecular dynamics simulations of flexible polymer chains adsorbed on
energetically disordered surfaces. Disorder is introduced in the form of a small
fraction of moderately absorbing sites, within an otherwise smooth surface made
up of more weakly absorbing sites. The two corresponding homogeneous surfaces
have also been simulated, for comparison. In this first contribution, we shall
present the results of single-chain simulations, both at equilibrium and under
a constant dragging force. These were clearly inspired by the Schallamach [17]
and Mayer-Go¨ritz [16] models. Two key issues are the disorder-induced slowing
down of the chain dynamics [21] and the range of validity of linear response
[28], which links the free diffusion of the chains to their drag resistance under
a small pulling force. These aspects are connected, as a non-linear response is
expected whenever the chain relaxation can no longer keep up with the exter-
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nally imposed deformation. More generally, we shall try to highlight some of the
main physical effects and to establish a general background, which may then be
used as guide for future simulations on more complex and increasingly realistic
models. Indeed, the present work could be extended along several directions,
which are briefly discussed in the closing section of the paper.
2 The model
We consider a simple coarse-grained model of a homopolymer chain absorbed
on a solid surface. The polymer chain consists of a string of N identical
particles or beads (henceforth labelled ”P”, for polymer) connected to each
other by harmonic bonds. The polymer molecular weight is obviously an im-
portant variable, whose effect has been studied by considering the cases with
N = 16, 32, 64, 128, 256. Further details about bonding and non-bonding in-
teractions will be given below. For the time being, we point out that there
are no bending or torsion terms in our polymer model, since (a) we want to
keep the model as simple as possible, and (b) we are especially interested in the
behaviour of flexible, rubbery polymer chains.
In our model, the surfaces are “physically homogeneous” but may be “chemi-
cally heterogeneous”. By this we mean mean that its topography is quite smooth
— except for the slight corrugation resulting from its representation in terms
of closely packed “atoms” — but it consists of two particle types with different
affinities for the polymer. We shall label these as “W” and “S”, respectively for
weakly and strongly interacting. The fraction of S atoms is f . We shall present
the results of simulations conducted with f = 0.06, i.e. at S concentration
which are relatively low, but at the same time large enough to see appreciable
deviations from the reference case, consisting of a homogeneous surface entirely
made up of W atoms (f = 0.00). For completeness, we have also perfomed the
simulations on a surface consisting entirely of S atoms (f = 1.00). This allows
us to distinguish between the effects produced by an increased average polymer-
surface interaction, which could be captured by a simple mean-field model, and
those due to static energetic disorder.
The surface is orthogonal to the z axis and it is represented by a single
monoatomic layer, with the particles arranged in a simple square-planar fash-
ion, corresponding to the (001) plane of a simple cubic crystal. Their nearest-
neighbour distance is ` = 1. This choice implies that ` is our natural unit of
length. All other distances will be measured in this unit. We adopt periodic
boundary conditions along the x and y axes, with periodicities Lx = Ly = 100.
Thus, there are M = 100× 100 = 104 surface particles in our model. These are
constrained to remain fixed at their ideal lattice positions. Only the polymer
atoms are allowed to move, according to the equations of motions given below.
There are no constraints on their z coordinates but, with our choice of polymer-
surface interaction potentials (see below), we are in a “strong absorption” limit,
whereby the chains adopt a very flat conformation on the surface.
In the simulation setup phase, the surface particles are assigned a type,
with probabilities (1 − f) for W and f for S. This has been implemented by
drawing a set of uniformly distributed random numbers on the [0, 1) interval,
and comparing them to f . With this procedure, the final fraction of S sites may
differ slightly from intended value of f , but the difference is in fact negligible
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(typically by ±20 units, i.e. by ±0.2% for a total of 104 sites). Notice also
that the locations of the S sites are completely uncorrelated in this model.
The study of “correlated” surfaces, for example with patches of strongly and
weakly absorbing sites, may be taken up in future work. We actually generated
two distinct realizations of our heterogeneous surfaces. Typically, a couple of
independent MD simulations were then run on each surface for each polymer
chain length, using different starting configurations.
The system’s potential energy is the sum of bonding and non-bonding contri-
butions, respectively represented by harmonic terms between adjacent polymer
beads and Lennard-Jones (LJ) terms for the polymer-polymer (intramolecular)
and polymer-surface (intermolecular) interactions. It is similar to the classic
bead-and-spring model of Kremer and Grest [29], except for the replacement of
finitely extensible bonds by harmonic ones. This has been used to study a wide
range of problems in polymer physics, such as entanglement formation in melts,
rubber networks, the polymer glass transition, statics and dynamics in polymer
solutions, confinement, polyelectrolytes, etc. (see ref.[10] for some of the earlier
work and refs.[30, 31] for our own studies of associating polymers and glassy
films undergoing breakup). Similar models have been adopted also in molecular
dynamics simulations of friction and boundary lubrication.[32, 33]
Numbering the atoms in such a way that those from 1 to N belong to the
polymer and those from N + 1 to N +M to the surface, the potential energy is:
V (r1, . . . , rN ) =
N−1∑
p=1
1
2
k(rp,p+1 − r0)2 +
N∑
p=1
N+M∑
q=p+2
V LJPQ(rp,q) (1)
where rp,q = |rp − rq| (it is understood that the periodic boundary conditions
are properly taken into account, in the evaluation of interparticle distances).
The polymer bonds are characterized by an equilibrium length r0 = 0.95 (in
` units) and a force constant k = 180 (in kBT/`
2 units, see below). In the
subscript of the LJ potential, Q is the type of particle q (i.e., P , W or S;
particle p is always of P type, as indicated) and:
V LJPQ(r) =
 4PQ
[(σ
r
)12
−
(σ
r
)6]
− VPQ (for r < rPQ)
0 (for r ≥ rPQ)
(2)
where σ represents an effective diameter for the particles, which we take equal
to 1 (in ` units) independently of their type, and PQ is the interaction strength
(LJ well depth). Measuring energies in kBT units (in our MD simulations,
kBT = 1), the values of these interaction strengths are PP = 1, PW = 1 and
PS = 2. Finally rPQ is a cutoff distance and VPQ an energy shift factor which
exactly zeroes the potential at the cutoff, thus preserving its continuity over all
distances. For all polymer-surface interactions, we have taken rPW = rPS = 2.5.
On the other hand, we have adopted a purely repulsive potential for the polymer-
polymer interactions with rPP = 2
1/6 ≈ 1.122 (WCA potential, after Weeks-
Chandler-Andersen [34]). This produces chain conformations which are very
expanded across the surface, but very flat in the orthogonal direction. The
study of chains in other thermodynamic states, for example with higher surface
concentrations or attractive intramolecular interactions, will be taken up in
future work.
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As mentioned above, only the polymer atoms are allowed to move in our
simulations. Their dynamics is described by the stochastic (Langevin) equation
of motion:
m
d2rp
dt2
= −∂V ({rp})
∂rp
+P− ζ ∂rp
∂t
+Xp (3)
where m is the mass of the polymer particles (=1, in our system of reduced
units). Given our choice for the the values of `, kBT and m, time t is auto-
matically measured in τ =
√
m`2/kBT units. P is a pulling force, which acts
equally on all the polymer beads. It is constant and directed along x or y,
parallel to the surfaces. This situation may be found when a uniformly charged
polymer such as DNA is dragged along a surface by a constant electric field,
as in electrophoresis experiments (at sufficiently high concentrations, the salt
within the surrounding solution effectively screens the intrachain Coulombic re-
pulsions). Alternatively, one could picture a long chain being dragged by the
entanglements with the surrounding ones, in a polymer melt flowing along a
solid surface. We have conducted simulations with P = |P| = 0.00 (equilibrium
case), 0.0625, 0.25 and 1.00 (in kBT/` units). The friction force −ζ r˙p and the
stochastic force Xp represent the coupling of the polymer chains to the sur-
rounding environment. Alternatively, they may be seen as the means by which
the system is thermostatted at the desired value of the temperature. Their
values are linked by the fluctuation-dissipation relation:
〈Xp(t) ·Xq(t′)〉 = 6kBTζδpqδ(t− t′). (4)
Thus, the choice of ζ determines the strength of the coupling. In our simulations,
we have used the value adopted by Kremer and Grest in their MD simulations
of polymer melts: ζ = 0.5 (in m/τ units) [29]. The equations of motion were
integrated numerically by a velocity Verlet algorithm with a timestep ∆t = 0.01.
Most simulations lasted about 106-107 timesteps (the upper and lower figure
apply to the smallest and largest chain lengths, respectively), saving to disk one
every 5000 configurations for subsequent analysis. On a few systems, we also
performed some additional simulations lasting up to 108 steps, to improve our
statistics and explore the dynamics at very long times. All simulations were
carried out with the COGNAC code from the OCTA package [35]. The systems
configurations were visualized with VMD [36].
3 Results and discussion
Homogeneous surfaces
We first discuss the results for the polymer chains on the homogeneous sur-
faces, which may be made up of weakly or more strongly absorbing sites (W
and S surfaces, respectively). Figure 1 provides a qualitative picture, showing
two snapshots from the simulation with the longest chains on the W surface.
The time separation between these snapshots roughly corresponds to one Rouse
relaxation time (τ1, see below).
Figure 2 presents the results for the average chain size and anisotropy. These
chain properties are expressed through the mean-square radius of gyration 〈S2〉
and its principal components (eigenvalues of the moments-of-inertia tensor).
The results for the W and S surfaces are almost identical. The N -dependence
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Figure 1: Top and side views of a polymer chain of length N = 256 on a
homogeneous W surface. The yellow and green chains are two snapshots of
the same polymer molecule, taken at a time separation of 5 × 104τ (5 × 106
timesteps).
of the chain size (〈S2〉 ∼ N1.49) closely agrees with the theoretical scaling law
for self-avoiding walks in 2D (〈S2〉 ∼ N3/2).[37] The chains are indeed almost
exactly 2D, with an extremely small component of the orthogonal component
of the radius of gyration. They are also fairly stretched, as indicated by the 4:1
ratios (roughly, on average) between the two other components, parallel to the
surface.
The equilibrium (i.e., without pulling forces) dynamical properties of a chain
can be characterized by the mean-square displacement (MSD) of its centre-of
mass and by the decay of the autocorrelation functions of its Rouse normal
modes.[38, 39] The former is given by:
∆2(t) =
〈
[q0(t+ t0)− q0(t0)]2
〉
t0
(5)
q0(t) ≡ rCM (t) = 1
N
N∑
i=1
ri(t) (6)
where 〈·〉t0 indicates an average over all possible time origins t0. We have
introduced the q0 notation for the center-of-mass coordinate, as this may be
considered the 0-th Rouse mode (see below). The chain self-diffusion coefficient
D is extracted from the Einstein relation (in 2D):
D =
∆2(t)
4t
(1 << t << tsim) (7)
where the two conditions on t indicate that the time should be large enough to
observe true diffusive motion — as opposed to short-time ballistic or “rattling”
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Figure 2: Dependence of the total mean-square radius of gyration 〈S2〉 and
its first two principal components on chain length N , for the chains on the
homogeneous surfaces (black squares for the W surface and red dots for the S
surface). The third (orthogonal) component is not shown, being nearly zero.
The vertical bars correspond to one standard deviation of the plotted quantity.
motions — but also much smaller than the overall simulation time tsim, so as to
ensure good statistical averaging (as an extreme example, consider ∆2(tsim): its
value would not be an average, being computed only from the starting and final
configurations of a single chain). The Rouse model, which applies to flexible
random-walk chains without excluded volume, hydrodynamic interactions or
entanglement constraints, predicts D ∼ N−1. Our simulation results are plotted
in Figure 3. Here we see a clear difference between the W and S surfaces.
However this difference is only quantitative, not qualitative. In both cases, the
simulations display a well-developed diffusive regime, providing a significant
time interval over which the application of Eq.(7) yields consistent D values.
The Rouse normal modes describe the collective, intramolecular chain dy-
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Figure 3: Mean-square displacements of the chains on the W and S surfaces.
namics and are given by:[38, 39]
qp(t) =
1
N
N∑
i=1
ri(t) cos
[
ippi
N
]
(p = 1, . . . , N − 1). (8)
Their autocorrelation functions Cq(t) are defined in analogy with Eq.(5) (with
a normalization such that Cq(0) = 1). Some of them are plotted in Figure 4.
These do not always show the simple exponential decay predicted by the Rouse
model, which gives relaxation times τp ∼ sin−2(ppi/2N) ∼ N2/p2 (for small
p’s, representing collective modes). Again, this may be due to the fact that it
is difficult to obtain good statistical sampling in our single-chain simulations.
Even so, it is useful to have at least a rough idea of the characteristic relaxation
times of the polymers. These we obtain as averages of the values:
τp = − t
ln[Cp(t)]
(1 << t << tsim) (9)
where the motivations for the conditions on t are analogous to those in Eq.(7).
Our results for the translational (D) and intramolecular (τ1 and τ2) diffusion
of the chains are collected in Tables 1 and 2. The statistical uncertainties do not
warrant an in-depth discussion. Nonetheless, their orders of magnitude appear
to be roughly consistent with the Rouse predictions. For example, for a given
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Figure 4: Representative normal-mode autocorrelation functions, for the chains
on the W and S surfaces.
polymer-surface interaction strength, the values of 1/(ND) are approximately
constant (especially on the W surface, less so in the S case) while the ratios
τ1(N)/τ2(N) and τi(2N)/τi(N) are of the order of 4. From the average ratios
between equivalent relaxation times on the W and S surfaces, we deduce that
the increase in polymer-surface interaction strength produces a roughly sixfold
slowing down of the chain dynamics. Assuming an Arrhenius-type dependence
of these characteristic times, we derive that the activation energy for diffusion
on the homogeneous surfaces is a ' 1.8PQ (Q = W,S).
Finally, we look at the non-equilibrium simulations under a constant pulling
force P = |P|, acting on all beads in the x or y direction (the overall force on
a chain of N beads is thus NP). This produces a drift of the chain’s centre-of-
N D×103 1/(ND) τ1×10−3 τ2×10−3
16 32. 2.0 0.23 <0.05
32 18. 1.7 1.0 0.20
64 8.4 1.9 3.4 1.2
128 3.6 2.2 28. 2.4
256 2.0 2.0 59. 30.
Table 1: Diffusion coefficients and relaxation times of the first Rouse normal
modes, for the polymers on a homogeneous W surface.
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N D×103 1/(ND) τ1×10−3 τ2×10−3
16 5.2 12. 1.2 0.18
32 2.4 13. 5.1 1.6
64 1.2 13. 25. 8.5
128 0.51 15. 90. 32.
256 0.22 18. >300. >100.
Table 2: Same as Table 1, for the polymers on a homogeneous S surface.
mass, with a roughly constant velocity vd that can be extracted from a linear fit
of ∆CM (t) = [xCM (t)− xCM (0)] vs. t. An effective friction coefficient ζe can
then be obtained from:
ζe(P ) =
NP
vd(P )
. (10)
In general this will depend on the pulling force but, according to the linear
response theory,[28] it zero-force limit should be inversely proportional to the
chain diffusion coefficient:
D = lim
P→0
kBT
ζe(P )
, (11)
or, equivalently:
ζe(0)
N
= lim
P→0
ζe(P )
N
=
kBT
ND
. (12)
Figure 5: Plots illustrating the pulling simulations, for the chains on the ho-
mogeneous surfaces. (a), (b): representative centre-of-mass displacements vs.
time. (c), (d): effective friction coefficients. The points at P = 0 have been
obtained by polynomial extrapolation of those at P > 0.
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The plots in Figure 5 demonstrate that the centers of mass of the chains
slide smoothly under the action of a pulling force. These plots correspond to
the extreme situations of the shortest chains under under the weakest force
(N = 16, P = 0.0625) and the longest chains under the largest force (N = 256,
P = 1.0). The results tend to be noisier in the former case, but even so we
observe a well-defined drifting motion. The effective friction coefficients are
weakly dependent on the pulling force, but their extrapolation to zero force
is quite straightforward. On the W surface, we find ζe(0)/N ' 2.0 for all
chain lengths, in agreement the estimates derived from the equilibrium diffusion
coefficients [1/(ND) in Table 1]. On the S surface, we find a moderate increase
of ζe(0)/N with chain length, but even in this case the results are consistent
with the equilibrium diffusion coefficients (Table 2).
We may conclude that the linear response picture is perfectly valid for the
chains absorbed on a homogeneous surface. We point out that, since the force
acts evenly on all the atoms, we never observe a major chain deformation, as
measured by 〈S2〉 and its components (parallel and orthogonal to the force).
This avoids a possible source of non-linearity, which would be present if the
force had been applied only to a subset of atoms, such as a chain end. Notice
also that ζe(0)/N >> ζ, where ζ = 0.5 is the bead friction coefficient introduced
by the Brownian thermostat in Eq.(3). This confirms that, even in these simple
systems, there is a linear but non-trivial polymer-surface friction, which goes
beyond the original microscopic equations.
Heterogeneous surfaces
Figure 6: Scheme of a polymer bead P (black) adsorbed on different sites of a
heterogeneous surface made up of W (blues) and S (red) particles.
We now turn to the heterogeneous surfaces, containing a fraction f = 0.06 of
more attractive surface beads with PS =2. This apparently small perturbation
(at room temperature, this PS corresponds to just 2.5 kJ/mol, which is much
smaller than the energy of a hydrogen bond) produces a completely new physical
situation. This is now a system with static or quenched disorder, which can have
a profound effect on its physical behaviour.
It is important to realize that, even though there are just two surface bead
types, the system is not well-described by a bimodal distribution of polymer-
surface interaction energies. This concept is clarified by Figure 6, showing that
a single polymer bead may be sitting on top of a variety of absorption sites,
whose energies depend (to a first approximation) on the identities of the four
surface beads underneath it. A quantitative result is given in Figure 7, showing
a histogram of the adsorption energies obtained by scanning one of our heteroge-
neous surfaces with a P -type bead at a constant height. This type of information
may obtained experimentally by inverse gas chromatography, which has indeed
been applied to the study of the surfaces of reinforcing filler particles.[40] In our
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Figure 7: Histogram of the interaction energies between a P -type bead and a
surface containing 6% of S beads with PS = 2. Main plot: linear scale on the
y-axis. Inset: logarithmic scale on the y-axis.
model, the average adsorption energy is 〈e〉A = −5.04, with a standard deviation
of σA = 0.48 (the A subscript indicates an arithmetic average). For comparison,
the analogous energies on the homogeneous W and S surfaces are −4.75 and
−9.50, respectively. If, instead, we take a Boltzmann average at kBT = 1, we
obtain 〈e〉B = −5.41, which is still much closer to the W value than to the
S one. Notice that the energy distribution is very asymmetrical, with a long
tail towards low energies. There is low but not insignificant fraction (≈ 2%) of
strongly absorbing sites or “traps” with an energy < 6.5 (i.e., < 〈e〉A−3σA),
which is not visible on the linear scale but clearly stands out on the logarithmic
one. These sites correspond to small clusters, typically ”triplets” or ”quartets”,
of S atoms which were placed next to each other during the random construction
of theheterogeneous surface models (see Section 2).
According to a simple mean-field picture, such a heterogeneous surface would
be rather similar to that consisting entirely of W atoms, except for a slightly
larger polymer-surface interaction. This should have no effect whatsoever on
static equilibrium properties such as
〈
S2
〉
, since we have found these to be
identical on the W and S surfaces. As to the polymer dynamics, this should be
moderately slowed down with respect to the W surface, by a factor of the order
of exp {1.8× (5.41/4.75− 1)} ' 1.3 (here we have used the Boltzmann-averaged
adsorption energy, while the 1.8 factor was derived in the previous section). As
we shall see below, both of these predictions turn out to be wrong.
Figure 8 shows representative snapshots from two independent simulations
of a long polymer chain (N = 256) on two different surface realizations. There is
already a clear difference with the analogous behaviour on the homogeneous sur-
faces (see again Figure 1). After an identical time interval, the chain positions
and conformation remain much closer to the original ones. Their diffusive mo-
tion may involve localized displacements of the central section or the terminals,
in a reptation-like fashion (upper and lower parts of Figure 8, respectively), but
it is certainly much more sluggish. The chains appear to be pinned or trapped
by strings or clusters of attractive surface sites.
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Figure 8: Snapshots from simulations of a polymer chain of length N = 256 on
two heterogeneous surfaces. The S surface beads are in the foreground, the W
beads have been omitted and the polymer is in the background. The yellow and
green chains are two snapshots of the same molecule, taken at a time separation
of 5× 104τ (5× 106 timesteps).
The fact that the chains may be trapped for very long times means that dif-
ferent MD runs may produce rather different statistical averages. The top panel
of Figure 9 illustrates this with the radii of gyration extracted from two indepen-
dent, very long simulations of a chain with N = 256. These quantities exhibit
slow, large amplitude fluctuations. Nonetheless, they remain consistently larger
than the average value obtained from the homogeneous surface simulations. It
thus seems that the introduction of a moderate degree of energetic disorder at
the surface is enough to produce a significant chain expansion. This is con-
firmed by the lower panel of Figure 9, showing that the scaling exponent for the
mean-square radius of gyration increases from ' 1.5 to ' 1.6 on going to the
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Figure 9: (a) Time dependence of the squared radii of gyration, from two long
simulations of chains of length N = 256 on different heterogeneous surfaces. The
horizontal dashed line is the average value from simulations of the homegeneous
W surface. (b) N -dependence of the mean-square radii of gyration. Each point
corresponds to an independent simulation, the error bars indicate one standard
deviation.
heterogeneous surface.
As already anticipated, chain diffusion is significantly slowed down by the
presence of a few strongly attractive surface sites (for even stronger interactions,
diffusion may give way to “subdiffusion”, which is characterized by a broad dis-
tribution of trapping times and mean-square displacements that do not increase
linearly in time [41]). Our data in the lower part of Figure 10 are roughly
consistent with the D ∼ N−1 scaling law, already seen for the homogeneous
surface. The actual values of the diffusion coefficients are much smaller than
on the W surface, and they are in fact comparable to those on the S one (see
Table 3 for some numerical data). As pointed out above, such a dramatic dra-
matic slowing down of the chain dynamics cannot be justified on the basis of a
larger average polymer-surface interaction. Rather, it depends on the energetic
disorder at the surface. Just as in the case of the radii of gyration, systems with
different surfaces or different starting coordinates may display rather different
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Figure 10: Top: mean-square-diplacements from long (' 108 steps), indepen-
dent simulations of chains of length N = 16 on two heterogeneous surfaces.
Bottom: N -dependence of the chain diffusion coefficients, where each point cor-
responds to an independent simulation. The red line has been drawn without
attempting to fit the data.
mean-square displacements over time. This “dynamical heterogeneity” cannot
be easily eliminated or averaged over by simply extending the simulation time,
as demonstrated by the upper part of Figure 10. In fact, dynamical heterogene-
ity is believed to be an important feature of systems falling out of equilibrium,
such as supercooled liquids [26]. Notice also that the spread of the data seems
to decrease on going to longer chain lengths. This agrees with the fact that a
longer chain samples a greater portion of the surface. This automatically pro-
vides an average over a larger number of situations, thus reducing the effect of
local heterogeneities.
Finally, we discuss the non-equilibrium results under a pulling force. Figure
11 illustrates the drift of the center-of-mass cordinate in three representative
cases. The most striking feature is that the shortest chain under the weakest
force (N = 16, P = 0.0625) has a very irregular drifting motion, which can be
described as an alternation of “stick” and “slip”. The horizontal parts of the
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N D×103 1/(ND) ζe(0)/N
16 7.2 8.7 8.8
32 4.0 7.8 6.3
64 2.0 7.7 4.9
128 1.1 6.7 5.3
256 0.60 6.5 4.5
Table 3: Comparison of chain diffusion coefficients and extrapolated effective
friction coefficients, for the polymers on the heterogeneous surfaces. The re-
ported D values are unweighted averages of the data points in Figure 10.
plot correspond to a situation whereby the chain is trapped in some low-energy
configuration on the surface. These plateaus are rather long, of the order of 104
in our reduced time units. This corresponds to about 50 or 10 Rouse relaxation
times τ1, for the same chain length on the homogeneous W and S surfaces,
respectively (see Tables 1 and 2).
The irregular stick-slip motion almost vanishes on applying a larger per-bead
force (N = 16, P = 0.25). This produces a faster drifting motion, which does
not allow the settling of the chains within the deeper energy traps. This is rem-
inescent of Schallamach’s early model of rubber friction[17], which introduced a
characteristic time necessary for the formation of a polymer-substrate “bond”,
or the Maier-Go¨ritz adsorption-desorption model of the Payne effect [16].
The stick-slip motion is also substantially reduced in the case of longer chains
(N = 32, P = 0.0625). In this case, the relatively smooth motion of the
polymers’s center-of-mass may be masking a more irregular stick-slip motion of
different subsections of the chain. We plan to return to this in the future, as
it requires a more careful analysis than can be done here. Needless to say, the
center-of-mass motion becomes even smoother on going to larger forces and/or
longer chains.
Figure 12 presents the effective friction coefficients ζe(P ), extracted from
the ratios of pulling force and drift velocity according to Eq.(10). Compared to
the homogeneous surface case, there is a much stronger non-linear response at
small P , which makes extrapolation for P → 0 more problematic.
Even allowing for some uncertainty, it is clear that the non-linear behaviour
is stronger for the shorter chains. This is consistent with the picture developed
in this paper; a short chain samples a smaller portion of the surface and thus may
experience stronger fluctuations in its energetic environment. Nonetheless, it is
interesting that its extrapolated friction coefficient ζe(0) agrees with the esti-
mate based of the linear response theory (compare the third and fourth columns
in Table 3). This might be partly fortuitous, considering the statistical uncer-
tainties on our data. We conclude that, after all, the linear response relationship
between friction and free diffusion may be valid also on our heterogeneous sur-
face models but, compared to the homogeneous surface case, this validity is
certainly restricted to a much narrower range of pulling forces. Finally, it is
interesting to notice that both 1/(ND) and ζe(0)/N in Table 3 decrease with
the chain length, while they where either independent or increasing functions of
it on the homogeneous surfaces (Tables 1 and 2). This is, again, an indication
of the failure of the mean-field description for these systems.
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Figure 11: Representative plots of the centre-of-mass displacements vs. time,
for chains of length N pulled on a heterogeneous surface by a force P (per bead).
4 Conclusions
We have presented the results of molecular dynamics simulations of single poly-
mer chains on disordered, heterogeneous surfaces, both at equilibrium and under
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Figure 12: Effective friction coefficients from the heterogeneous surface simu-
lations. The points at P = 0 have been obtained by extrapolation of those at
P > 0.
a horizontal pulling force. We have used a simple bead-and-spring model of the
polymers and we have considered only flat surfaces incorporating a small frac-
tion (6%) of randomly distributed, moderately attractive (2kBT ) sites. Even
with these restrictions, the results are quite interesting in that they show a very
significant slowing down of the chain dynamics, which cannot be explained in
terms of an enhanced average polymer-surface interaction. Their segments may
get trapped for long times at clusters of neighbouring attractive sites. This has
important consequences for their non-equilibrium response to a pulling force,
which turns from almost linear to strongly non-linear on going from homoge-
neous to heterogeneous surfaces. More precisely, our data indicate that linear
response theory may remain valid also in the latter case, but only within a much
narrower range of forces. On increasing the pulling force, the dominant mode
of motion of the chains changes from an alternation of local stick-slip events to
smooth and continuous sliding. This picture is consistent with the Schallamach
model of rubber friction [17] and the Maier-Go¨ritz interpretation of the Payne
effect.[16]
Having established that our model captures the essential physical behaviour
under the simplest set of conditions, we are now planning to extend it to more
general and complex situations. First of all, we would like to continue with the
study of the full range of compositions between the two homogeneous surfaces
(W and S, respectively), as we expect to find the maximum disorder — and
therefore the largest effects — when these sites are present at comparable con-
centrations. The precise dependence on chain length and surface disorder of the
critical force for the transition from sliding to stick-slip motion also remains to
be clarified. Secondly, it would be interesting to simulate many-chain systems,
either as monolayers of polymer chains absorbed on a single disordered surface
or as thicker layers (of the order of 5-20 monomer diameters) confined between
two parallel ones. In this case, the driving non-equilibrium perturbation could
take the form of either tangential or longitudinal displacements of the surfaces,
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in order to simulate shear [32] or rupture [31] of the confined polymer films.
The simulation of many chain systems will also allow us to collect much better
statistics and thus reach more clear-cut conclusions about the disorder-induced
modification of their dynamical behaviour (including the transition to a sub-
diffusive [41] and eventually a truly glassy state [26, 27] upon increasing the
surface heterogeneity) and the linearity or non-linearity of their response to
small driving forces. The simulation of partially ordered or correlated surfaces,
say with small or large patches of strongly interacting sites, would also be quite
interesting. Such correlations are already known to produce very significant ef-
fects in the adsorption equilibria of copolymers on patterned surfaces.[23] The
consequences of the interplay between the chain’s “internal viscosity”[39, 42]
and the kinetics of adsorption-desorption processes could be studied by look-
ing at polymer models with different conformational barriers. At some point,
the combination of strong surface disorder, large pulling forces and high con-
formational barriers, will surely increase the likelyhood of chain scission events.
Such simulations, in which the intramolecular harmonic bonds must of course
be replaced by breakable ones (the Morse potential, for example), would pro-
vide an entry point to the study of polymer wear and degradation processes.
Clearly, all this represents a long-term research program at the insection be-
tween non-equilibrium statistical mechanics and polymer tribology, which we
hope to pursue in the coming years.
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